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A CRYSTAL PULLER AND METHOD FOR GROWING A 
MONOCRYSTALLINE INGOT 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application 
Serial No. 60/425,556 filed November 12, 2002. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to a crystal puller and method for 
growing single crystal semiconductor material, and more particularly to a crystal 
puller and method for growing an ingot or crystal with desired defect 
characteristics. 

[0003] In recent years, it has been recognized that a number of defects in 
single crystal silicon form in the crystal puller (sometimes referred to as a hot 
zone) as the ingot cools from the temperature of solidification. More specifically, 
as the ingot cools intrinsic point defects, such as crystal lattice vacancies or 
silicon self-interstitials, remain soluble in the silicon lattice until some threshold 
temperature is reached, below which the given concentration of intrinsic point 
defects becomes critically supersaturated. Upon cooling to below this threshold 
temperature, a reaction or agglomeration event occurs, resulting in the formation 
of agglomerated intrinsic point defects. 

[0004] The type and initial concentration of these intrinsic point defects in 
the silicon are determined as the ingot cools from the temperature of solidification 
(i.e., about 141 0°C) to a temperature greater than about 1300°C (i.e., about 
1325°C, 1350°C or more); that is, the initial type and initial concentration of these 
defects are controlled by the ratio v/G 0 , where v is the growth velocity and G 0 is 
the average axial temperature gradient over this temperature range. In general, a 
transition from self-interstitial dominated growth to vacancy dominated growth 
occurs near a critical value of v/Go which, based upon currently available 
information, appears to be about 2.1x10' 5 cm 2 /sK, where Go is determined under 
conditions in which the axial temperature gradient is constant within the 
temperature range defined above. Accordingly, process conditions, such as 
growth rate (which affect v), as well as hot zone configurations (which affect G 0 ), 
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can be controlled to determine whether the initial intrinsic point defects within the 
silicon single crystal will be predominantly vacancies (where v/G 0 is generally 
greater than the critical value) or self-interstitials (where v/Go is generally less 
than the critical value). 

[0005] Defects associated with the agglomeration of crystal lattice 
vacancies, or vacancy intrinsic point defects, include such observable crystal 
defects as D-defects, Flow Pattern Defects (FPDs), Gate Oxide Integrity (GOI) 
Defects, Crystal Originated Particle (COP) Defects, and crystal originated Light 
Point Defects (LPDs), as well as certain classes of bulk defects observed by 
infrared light scattering techniques (such as Scanning Infrared Microscopy and 
Laser Scanning Tomography). Also present in regions of excess vacancies are 
defects which act as the nuclei for the formation of oxidation induced stacking 
faults (OISF). It is speculated that this particular defect is a high temperature 
nucleated oxygen precipitate catalyzed by the presence of excess vacancies. 

[0006] Defects associated with the agglomeration of silicon self-interstitial 
atoms include such observable crystal defects as A-defects and B-defects 
(sometimes referred to as A-type swirl defects and B-type swirl defects). A- 
defects have been reported to be interstitial-related dislocation loops. B-defects 
have been reported to be three-dimensional interstitial agglomerates. 

[0007] In addition to the point defects which exist as solutes in the 
monocrystalline silicon, many impurities such as dopants and oxygen also exist 
as solutes in Cz silicon and may affect the formation of agglomerated intrinsic 
point defects (e.g., A-, B-, and D-defects and OSF nuclei and OSF) or even co- 
agglomerated with intrinsic point defects. Agglomerated defects exist as separate 
phases in the Cz-silicon and can include D-defects, A and B-defects, OSF nuclei 
and OSF, oxides, nitrides, silicides and other precipitates. Formation and 
distribution of agglomerated defects are functions of growth conditions at the 
melt/crystal interface, and time-temperature (or thermal) history of each location 
in the Cz-silicon crystal. 

[0008] Referring to Figure 3, the formation of agglomerated defects 
involves various physical and chemical processes. However, in a simplistic sense, 
it is possible to identify a set of rate controlling steps in a given temperature range 
within the crystal. For example, one can identify several significant steps in 
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formation of agglomerated defects and the temperature range in which each plays 
a dominant role. These steps include: 

1) Incorporation of point defects: involves establishment of a new point 
defect distribution very close to the melt/crystal interface by interplay 
between diffusion and recombination of point defects. It has been shown 
that by controlling the crystal growth rate (in average sense, the crystal 
pull-rate, v) and the magnitude of the axial temperature gradient (G s>ftZ ) in 
the crystal at the melt/crystal interface, the initial point defect type and 
concentration within a short distance from the interface can be controlled. 

2) Out-diffusion and recombination: During this phase intrinsic point 
defects (silicon self interstitial atoms and/or crystal lattice vacancies) may 
out-diffuse to the crystal surface or silicon self interstitial atoms and crystal 
lattice vacancies may diffuse towards each other and recombine mutually 
annihilating each other. 

3) Nucleation: Nucleation (broadly, formation) takes place upon sufficient 
supersatu ration of the dominant point defect. The agglomeration of 
vacancies generally occurs at temperatures ranging from about 1273 K to 
about 1473 K, from about 1298 K to about 1448 K, from about 1323 K to 
about 1423 K, or from about 1348 K to about 1398 K. Controlling the rate 
of cooling over this temperature range influences the density of 
agglomerated vacancy defects. The agglomeration of silicon self- 
interstitials generally occurs at temperatures ranging from about 1373 K to 
about 1073 K or from about 1323 K to about 1173. The temperature at 
which predominant nucleation of vacancies takes place decreases with 
decreasing incorporated vacancy concentration. In other words, lower the 
vacancy concentration, lower the nucleation rate and lower the 
temperature at which nucleation occurs. 

4) Growth: Growth of stable nuclei follows nucleation. 

5) Oxygen precipitation: Oxygen can nucleate in the presence of 
vacancies and gradually grow between 1323 K - 973 K. Oxygen 
precipitation is enhanced in the presence of vacancies. That is, crystal 
lattice vacancies and oxygen interstitial atoms may co-agglomerate to form 
oxygen precipitate nuclei or if formed sufficiently large, oxygen precipitates. 
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6) Impurity precipitation: Other impurities can play a role in precipitation as 
well. The temperature range for this step depends on the type and 
concentration of the impurity. 

[0009] Figure 4 is a schematic of a growing crystal depicting the sequential 
nature of defect dynamics within the crystal. In sequence, a crystal segment 
undergoes initial point defect incorporation (I), diffusion and recombination (DR), 
nucleation (N) and growth (G). Oxygen precipitation (OP) occurs during 
nucleation and growth. It is evident that the temperature gradient in the crystal at 
the melt/crystal interface and the crystal growth rate play significant roles in initial 
point defect incorporation. Subsequent processes, such as nucleation and growth 
are influenced by the local cooling rates, i.e., the thermal history of the crystal 
subsequent to the initial incorporation of the intrinsic point defects. During growth, 
the local cooling rate is given by vxG St f tZ , where G St i tZ is the local temperature 
gradient. Thus, the temperature profile in a crystal is important for the control of 
the nucleation rate and growth of all precipitates. 

[0010] In many applications, it is preferred that a portion or all of the 
silicon crystal which is subsequently sliced into silicon wafers be substantially free 
of agglomerated defects. There are several approaches for growing defect-free or 
defect-controlled silicon crystals. In one approach, the ratio v/G s ,f fZ is controlled to 
determine the initial type and concentration of intrinsic point defects. The 
subsequent thermal history is controlled to allow for prolonged diffusion time to 
suppress the concentration of intrinsic point defects and avoid the formation of 
agglomerated intrinsic point defects in a portion or all of the crystal. See, for 
example, United States Patent Nos. 6,287,380, 6,254,672, 5,919,302, 6,312,516 
and 6,328,795, the entire disclosures of which are hereby incorporated herein by 
reference. In another approach, sometimes referred to as a rapidly cooled silicon 
(RCS) growth process, the ratio v/G s ,f, z is controlled to determine the initial type 
and concentration of intrinsic point defects. The subsequent thermal history is 
controlled to rapidly cool the crystal through a target nucleation temperature to 
avoid the formation of agglomerated intrinsic point defects. This approach may 
also include allowing prolonged cooling above the nucleation temperature to 
reduce the concentration of intrinsic point defects prior to rapidly cooling the 
crystal through the target nucleation temperature to avoid the formation of 
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agglomerated intrinsic point defects. See, for example, International Application 
No. PCT/US00/25525 published on March 29, 2001 under International 
Publication No. WO 01/21861, the entire disclosure of which is incorporated 
herein by reference. In a similar approach, the growth conditions, v/G s ,f, z and 
cooling rate through the target nucleation temperature are controlled in order to 
limit the size, and in some cases the density, of vacancy-related agglomerated 
defects, and optionally the residual vacancy concentration, in single crystal silicon 
wafers derived therefrom. See, for example, PCT Application Serial No. 
PCT/US02/01127 published on August 29, 2002 under International Publication 
Number WO 02/066714, the entire disclosure of which is hereby incorporated 
herein by reference. 

[0011] However, depending on the application in which the silicon will 
be used, it may be acceptable or even desirable to produce silicon having any of 
the above described defects. That is, it may be acceptable or desirable to 
produce material a portion or all of which contains either D-defects, OSF, OSF 
nuclei, B-defects or A-defects or combinations thereof. For example, in some 
applications, silicon crystals are grown under conditions wherein D-defects form 
throughout the crystal. Silicon wafers sliced from such D-defect containing 
crystals may then be subjected to thermal anneals to remove the D-defects from 
the surface region of the wafer, or subjected to an epitaxial deposition process 
wherein the D-defects revealed on the surface of the wafer as COPs are filled by 
the deposition of an epitaxial layer on the surface of the wafer. In other 
applications, it may be desirable to grow a crystal under conditions wherein B- 
defects form throughout the crystal. Silicon wafers sliced from such B-defect 
containing crystals may be subjected to rapid thermal anneals to dissolve the B- 
defects. See, for example, International Application No. PCT/US/00/25524 
published on March 29, 2001 under International Publication No. WO 01/21865. 

SUMMARY OF THE INVENTION 

[001 2] The present invention is directed to an apparatus and method for 
growing single crystal silicon crystals having desired defect characteristics. More 
specifically, the present invention provides an apparatus and method for 
controlling the growth parameter v/G s ,f tZ in the vicinity of the melt/crystal interface 
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and the time-temperature history of crystal-segments in various temperature 
ranges of interest to control the formation and distribution of agglomerated 
defects. 

[0013] In one aspect of the invention, a crystal puller for growing 
monocrystalline ingots according to the Czochralski method comprises a housing 
and a crucible in the housing for containing a semiconductor source material melt. 
The puller further comprises a side heater adjacent the crucible for heating the 
crucible and a pulling mechanism for pulling a growing ingot upward from the 
upper surface of the melt. A portion of an upper surface of the melt remains 
exposed during growing of the ingot and has an area. A melt heat exchanger is 
sized and shaped for surrounding the ingot and is disposed adjacent the exposed 
upper surface portion of the melt. The heat exchanger includes a heat source 
disposed to face the exposed upper surface portion of the melt. The heat source 
has an area for radiating heat to the melt sized at least 30% of the area of the 
exposed upper surface portion of the melt for controlling heat transfer at the 
upper surface of the melt. The melt heat exchanger is adapted to reduce heat 
loss at the exposed upper surface portion. 

[0014] In another aspect, a reflector assembly for use in a crystal puller 
comprises a cover disposed above the melt and has a central opening sized and 
shaped for surrounding the ingot as the ingot is pulled from the melt. A crystal 
heat exchanger is mounted at least partially inside the cover and is adapted to be 
disposed above the melt and to substantially surround the ingot for cooling a first 
segment of the growing ingot that is adjacent the melt/crystal interface. A melt 
heat exchanger is mounted at least partially inside the cover and is adapted to 
surround the ingot proximate the surface of the melt for controlling heat transfer at 
the surface of the melt. 

[0015] In yet another aspect, a reflector for use in a crystal puller comprises 
a crystal heat exchanger sized and shaped for placement above the melt and 
substantially surrounding the ingot for cooling a first segment of the growing ingot 
proximate a melt/crystal interface. A lower crystal heater is disposed above the 
crystal heat exchanger and substantially surrounds the ingot for maintaining a 
second segment of the ingot at a predetermined temperature. 
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[0016] In still another aspect, the crystal puller comprises a reflector 
including an annular melt heat exchanger sized and shaped for surrounding the 
ingot and disposed adjacent the exposed upper surface portion of the melt. The 
heat exchanger includes a heat source adapted to be disposed to face the 
exposed upper surface portion of the melt and to be within 50 mm of the exposed 
upper surface portion of the melt. The heat source has an area sized at least 40% 
of the area of the exposed upper surface portion of the melt for controlling heat 
transfer at the upper surface of the melt. The melt heat exchanger is adapted to 
reduce heat loss at the exposed upper surface portion and a crystal heat 
exchanger is sized and shaped to be disposed above the melt and substantially 
surround the ingot for cooling a first segment of the growing ingot. 

[0017]Another aspect of the invention is directed to a method of growing a 
monocrystalline ingot. The method comprises forming a melt of semiconductor 
source material in a crucible, pulling semiconductor source material from the 
surface of the melt such that the source material solidifies into a monocrystalline 
ingot, and selectively controlling heat transfer at the surface of the melt using a 
heat source disposed to face the exposed upper surface portion of the melt. The 
heat source has an area for radiating heat to the melt sized at least 30% of the 
area of the exposed upper surface portion of the melt. 

[001 8] Another method of growing a monocrystalline ingot comprises 
pulling the growing ingot upward from the melt. The puller includes a side heater 
adjacent the crucible for heating the crucible, and a melt heat exchanger facing at 
least 30% of an exposed portion of the melt surface for heating the exposed 
portion. The method further comprises controlling the temperatures of the melt 
heat exchanger and the side heater to control formation of defects within the 
ingot. 

[001 9] Yet another method of growing a monocrystalline ingot comprises 
controlling an axial temperature gradient at the interface by manipulating a 
temperature field at a melt/ingot interface. 

[0020]A further method of growing a monocrystalline ingot comprises 
controlling heat radiated from the melt heat exchanger and the side heater to 
control the interface shape and controlling heat radiated from the lower heater to 
control the thermal history of segments of the growing ingot. 
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[0021] Other objects and features of the present invention will be in part 
apparent and in part pointed out hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] Figure 1 is a schematic section view of an embodiment of a 
novel crystal puller; 

[0023] Figure 2 is a schematic section of another embodiment of the 
novel crystal puller (with melt heat exchanger (MHE), crystal heat exchanger 
(CHE), lower heater (LH) and upper heater (UH)); 

[0024] Figures 3 and 4 are schematic graphs of defect dynamics; 

[0025] Figures 5A-5B are comparisons between crystal pullers with and 
without melt heat exchanger (MHE) using variation in the maximum crucible 
temperature with the negative melt-side temperature gradient at the melt/crystal 
interface, Figure 5A is a graph of maximum crucible temperature comparing the 
conventional crystal puller to the novel crystal puller, Figure 5B is a graph 
substituting heater power for maximum crucible temperature; 

[0026] Figure 6 is a graph showing the relationship between v/G s ,f tZ and 
vGi,f,z for different G s / Z , at the melt/crystal interface; 

[0027] Figure 7 is a quantitative graph of variation in parameters at the 
interface for a fixed v/G s ,f f z\ 

[0028] Figure 8 is a schematic of a conventional crystal puller, and 
Figure 8A is a graph of the dependence of crucible temperature on the melt-side 
temperature gradient at the melt/crystal interface; 

[0029] Figure 9 is a graph of the relationship between crucible 
temperature, and the melt-side temperature gradient at the interface and at the 
open surface as a function of quality of the crystal puller design; 

[0030] Figure 10 is a graph of the possible qualitative dependence of 
the interface shape on melt heat exchanger (MHE) power; 

[0031] Figure 1 1 is a graph of radial distribution of G SfffZ at the interface 
for a typical crystal puller and for a novel crystal puller with active melt heat 
exchanger (MHE) and crystal heat exchanger (CHE); 

[0032] Figure 12A is a graph showing the comparison between the axial 
temperature profile in a crystal in the novel crystal puller with active melt heat 
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exchanger (MHE) and crystal heat exchanger (CHE), and that in a conventional 
crystal puller, Figure 12B is a graph showing the comparison of local axial 
temperature gradients (G SfZ =- ffTs / dz) in a crystal in the novel crystal puller with 
active melt heat exchanger (MHE) and crystal heat exchanger (CHE) and those in 
a conventional crystal puller; 

[0033] Figure 13 is a graph of the axial temperature profiles in novel 
crystal pullers with various heat sources and heat sinks operating and a profile of 
a conventional crystal puller; 

[0034] Figure 14 is a graph of the relative variation in G s ,f tZ versus pull- 
rate in a conventional crystal puller; 

[0035] Figure 15 is a simulated temperature field in the base-line 
conventional crystal puller; 

[0036] Figure 16A is a graph of axial temperature profile in a growing 
conventional crystal and Figure 16B is a graph of crystal-side negative axial 
temperature gradient (G s ,f,z) at the melt/crystal interface as a function of radial 
location; 

[0037] Figure 17 is a simulated temperature field in the heavily insulated 
novel crystal puller with active upper heater (UH) and inactive melt heat 
exchanger (MHE), crystal heat exchanger (CHE), and lower heater (LH); 

[0038] Figure 18A is a graph showing axial temperature profiles in the 
conventional crystal puller and the insulated novel crystal puller with active upper 
heater (UH); 

[0039] Figure 18B is a graph comparing the conventional crystal puller 
and the insulated novel crystal puller with active upper heater (UH) with respect to 
G StftZ at the interface; 

[0040] Figure 18C is a graph of radial variation in the ratio of qf U sion„z/qi,f,z 
for the conventional crystal puller and the insulated novel crystal puller with active 
upper heater (UH); 

[0041] Figure 19 is a simulated temperature field in the novel crystal 
puller with active crystal heat exchanger (CHE) and upper heater (UH) and 
inactive lower heater (LH) and melt heat exchanger (MHE); 

[0042] Figure 20A is a graph comparing the conventional crystal puller, 
the insulated novel crystal puller with active upper heater (UH), and the novel 
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crystal puller with active crystal heat exchanger (CHE) and upper heater (UH) with 
respect to axial temperature profiles; 

[0043] Figure 20B is a graph showing a comparison between the 
conventional crystal puller, the insulated novel crystal puller with active upper 
heater (UH), and the novel crystal puller with active crystal heat exchanger (CHE) 
and upper heater (UH) with respect to G s j tZ \ 

[0044] Figure 20C is a graph of variation in the ratio of qfu$\on,Jq\,f,z for 
the conventional crystal puller, the insulated crystal puller with active upper heater 
(UH), and the novel crystal puller with active crystal heat exchanger (CHE) and 
upper heater (UH); 

[0045] Figure 21 is a simulated temperature field in the novel crystal 
puller with active crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH) and with inactive melt heat exchanger (MHE); 

[0046] Figure 22A is a graph comparing the conventional crystal puller, 
and the various configurations of the novel crystal puller with respect to axial 
temperature profiles; 

[0047] Figure 22B is a graph comparing the conventional crystal puller, 
and the various configurations of the novel crystal puller with respect to G Sjf , z \ 

[0048] Figure 22C is a graph of variation in the ratio of qfusion.^Qu^ox 
the conventional crystal puller and the various configurations of the novel crystal 
puller; 

[0049] Figures 23A-23B are bar graphs of maximum crucible 
temperatures and side heater powers for different configurations of the 
conventional crystal puller and the novel crystal puller; 

[0050] Figures 24A-24B are bar graphs of the relationship between the 
heat loss from the melt surface (in terms of Gi t0S , z ) and side heater powers for 
different configurations of the novel crystal puller; 

[0051] Figure 25 is a bar graph of radial variation in G St f fZ at the interface 
for various configurations of the novel crystal puller; 

[0052] Figure 26 is a simulated temperature field in the novel crystal 
puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower 
heater (LH), and upper heater (UH)) at MHE temperature equal to 2100 K and UH 
power equal to 20kW; 
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[0053] Figure 27 is a graph of the effect of melt heat exchanger (MHE) 
temperature on the heat transfer at the open-melt surface for the novel crystal 
puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower 
heater (LH), and upper heater (UH)); 

[0054] Figure 28 is a graph of the effect of melt heat exchanger (MHE) 
temperature on the maximum crucible temperature for the novel crystal puller 
(active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater 
(LH), and upper heater (UH)); 

[0055] Figure 29 is a graph of the effect of melt heat exchanger (MHE) 
temperature on the side heater power in the novel crystal puller (active melt heat 
exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH)); 

[0056] Figure 30 is a graph of the sensitivity of the side heater power to 
the melt heat exchanger (MHE) temperature in the novel crystal puller (active melt 
heat exchanger (MHE), crystal heat exchanger (CHE), and lower heater (LH)); 

[0057] Figures 31 A-31 D are simulated temperature fields showing 
dependence of the interface shape on the MHE temperature in the novel crystal 
puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower 
heater (LH), and upper heater (UH)); 

[0058] Figure 32 is a graph of the decreasing v/G ftfiZ with increasing melt 
heat exchanger (MHE) temperature in the novel crystal puller (active melt heat 
exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH)); 

[0059] Figure 33A is a graph of the effect of melt heat exchanger (MHE) 
temperature on G s ,f >z at the interface in a crystal grown in the novel crystal puller 
(active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater 
(LH), and upper heater (UH)); 

[0060] Figure 33B is a graph of the radial variation in G St f tZ in the novel 
crystal puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), 
lower heater (LH), and upper heater (UH)); 

[0061] Figure 33C is a graph of the axial temperature profiles in a 
crystal grown in the novel crystal puller (active melt heat exchanger (MHE), crystal 
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heat exchanger (CHE), lower heater (LH) f and upper heater (UH)) at various MHE 
temperatures; 

[0062] Figure 34 is a simulated temperature field in the novel crystal 
puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower 
heater (LH), and upper heater (UH)) at MHE power equal to about 27.02 kW; 

[0063] Figure 35 is a graph of the effect of melt heat exchanger (MHE) 
power on Gi tOS , z in the novel crystal puller (active melt heat exchanger (MHE), 
crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0064] Figure 36 is a graph of the effect of melt heat exchanger (MHE) 
power on the maximum crucible temperature in the novel crystal puller (active 
melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), 
and upper heater (UH)); 

[0065] Figure 37 is a graph of the melt heat exchanger (MHE) power on 
the side heater power in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0066] Figures 38A-38D are simulated variations in the interface shape 
as a function of the melt heat exchanger (MHE) power in the novel crystal puller 
(active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater 
(LH), and upper heater (UH)); 

[0067] Figure 39 is a graph of the dependence of Gij tZ on the melt heat 
exchanger (MHE) power in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0068] Figure 40A is a graph of the effect of melt heat exchanger (MHE) 
power on G s ,f tZ in the novel crystal puller (active melt heat exchanger (MHE), 
crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0069] Figure 40B is a graph of the effect of melt heat exchanger (MHE) 
power on the relative uniformity of G s ,f, z in the novel crystal puller (active melt heat 
exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH)); 

[0070] Figure 40C is a graph of the effect of melt heat exchanger (MHE) 
power on the time-temperature history of a crystal-segment in the novel crystal 
puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower 
heater (LH), and upper heater (UH)); 
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[0071] Figure 41 is a graph of the effect of melt heat exchanger (MHE) 
temperature on the maximum crucible temperature in the novel crystal puller 
(active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater 
(LH), and upper heater (UH)); 

[0072] Figure 42A is a graph of the effect of melt heat exchanger (MHE) 
temperature on G s ,f, z (r) in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0073] Figure 42B is a graph of the effect of melt heat exchanger (MHE) 
temperature on the relative uniformity of G s> f tZ (r) in the novel crystal puller (active 
melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), 
and upper heater (UH)); 

[0074] Figure 42C is a graph of the effect of melt heat exchanger (MHE) 
temperature on the time-temperature history of a crystal-segment in the novel 
crystal puller (active melt heat exchanger (MHE), crystal heat exchanger (CHE), 
lower heater (LH), and upper heater (UH)); 

[0075] Figure 43 is a graph of the effect of pull-rate on the heat 
transport between MHE and melt in the novel crystal puller (active melt heat 
exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH)); 

[0076] Figure 44 is a graph of the effect of pull-rate on the side heater 
power in the novel crystal puller (active melt heat exchanger (MHE), crystal heat 
exchanger (CHE), lower heater (LH), and upper heater (UH)), the MHE 
temperature is fixed at 1900K, the LH and UH powers are fixed at 2.28 kW and at 
20kW, respectively; 

[0077] Figure 45 is a graph of the effect of increasing pull-rate on the 
maximum crucible temperature in the novel crystal puller (active melt heat 
exchanger (MHE), crystal heat exchanger (CHE), lower heater (LH), and upper 
heater (UH)), the MHE temperature fixed at 1900 K; 

[0078] Figure 46 is a graph of the effect of pull-rate on the melt-side 
axial temperature gradients in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)), 
the MHE temperature fixed at 1900 K; 
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[0079] Figure 47 is a graph of the increasing contribution of heat 
generated by solidification with increasing pull-rate in the novel crystal puller 
(active melt heat exchanger (MHE), crystal heat exchanger (CHE), lower heater 
(LH), and upper heater (UH)); 

[0080] Figure 48 is a graph of the effect of pull-rate on the uniformity 
and magnitude of G St f fZ (r) in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0081] Figure 49 is a graph of the relative variation in G s ,f >z as a function 
of pull-rate in the novel crystal puller (active melt heat exchanger (MHE), crystal 
heat exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0082] Figure 50 is a graph of the non-linear relationship between vand 
v/G St f,z in the novel crystal puller (active melt heat exchanger (MHE), crystal heat 
exchanger (CHE), lower heater (LH), and upper heater (UH)); 

[0083] Figure 51 is a graph of the quasi-steady state temperature 
profiles in a crystal growing in the novel crystal puller (active melt heat exchanger 
(MHE), crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH)) 
as a function of the pull-rate; 

[0084] Figures 52A-52D are simulated interface shapes as a function of 
the pull-rate in the novel crystal puller with active melt heat exchanger (MHE), 
crystal heat exchanger (CHE), lower heater (LH), and upper heater (UH), the 
MHE temperature fixed at 1900 K; 

[0085] Figure 53A is a simulated temperature field in the novel crystal 
puller with active melt heat exchanger (MHE) and crystal heat exchanger (CHE) at 
the pull-rate equal to 0.5 mm/min., the MHE power fixed at 40.53 kW and the 
CHE temperature fixed at 300 K; 

[0086] Figure 53B is a simulated temperature field in the novel crystal 
puller with active melt heat exchanger (MHE) and crystal heat exchanger (CHE) at 
the pull-rate equal to 2.5 mm/min.; 

[0087] Figure 54 is a graph of the radial variation in the melt-side 
negative axial temperature gradient at the open surface with the pull-rate for the 
novel crystal puller with active melt heat exchanger (MHE) and crystal heat 
exchanger (CHE); 
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[0088] Figure 55 is a graph of the side heater power as a function of the 
pull-rate in the novel crystal puller with active melt heat exchanger (MHE) and 
crystal heat exchanger (CHE); 

[0089] Figure 56 is a graph of the decreasing maximum crucible 
temperature with increasing pull-rate in the novel crystal puller with active melt 
heat exchanger (MHE) and crystal heat exchanger (CHE); 

[0090] Figure 57 is a graph of the radial variation of G Si f tZ as a function 
of the pull-rate in the novel crystal puller with active melt heat exchanger (MHE) 
and crystal heat exchanger (CHE); 

[0091] Figure 58 is a graph of the relative radial variation of G s j tZ with 
increasing pull-rates in the novel crystal puller with active melt heat exchanger 
(MHE) and crystal heat exchanger (CHE); 

[0092] Figure 59 is a graph of the relative effect of increasing 
contribution of the heat generated by solidification to the conductive heat transfer 
in the crystal (measured in terms of v/Gi tftZ ) with increasing pull-rate in the novel 
crystal puller with active melt heat exchanger (MHE) and crystal heat exchanger 
(CHE); 

[0093] Figures 60A-60C are simulated interface shapes as a function of 
the pull-rate in the novel crystal puller with active melt heat exchanger (MHE) and 
crystal heat exchanger (CHE); 

[0094] Figure 61 is a graph of the axial temperature profile in a growing 
crystal in the novel crystal puller with active melt heat exchanger (MHE) and 
crystal heat exchanger (CHE); and 

[0095] Figure 62 is a graph of vlG s ,f, z as a function of the pull-rate in the 
novel crystal puller with active melt heat exchanger (MHE) and crystal heat 
exchanger (CHE). 

[0096] Corresponding reference characters indicate corresponding 
parts throughout the several views of the drawings. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT: 

[0097] Referring to Figure 1, an embodiment of the novel crystal puller CP 
comprises a housing H and a quartz crucible CR in the housing for containing a 
semiconductor material (e.g., silicon) melt M. A pulling mechanism P (suitably a 
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shaft or pull wire) secured in the housing and adapted to extend toward the 
crucible is adapted to continuously pull the solid monocrystalline ingot or crystal C 
from the melt. A tubular graphite reflector R (or heat shield) suitably secured in a 
growth chamber of the housing H includes a cover GC suitably made of graphite 
and having a central opening sized and shaped for surrounding the growing 
crystal. An annular melt heat exchanger MHE is mounted within the cover GC to 
face the exposed melt surface MS. The melt heat exchanger MHE includes a 
heat source, such as an electrically-powered heater. The melt heat exchanger 
MHE may also include heat absorption structure. A crystal heat exchanger CHE 
(or active cooling jacket) is also mounted within the cover GC to surround and to 
face the growing crystal C. The crystal heat exchanger CHE is disposed above 
the melt heat exchanger MHE as close to the melt/crystal interface F as practical, 
desirably such that the crystal heat exchanger CHE cools (or removes heat from) 
a crystal segment proximate the interface. The crystal heat exchanger CHE is 
cooled by conventional cooling fluid (typically water), though other heat transfer 
media may be used. The crystal heat exchanger CHE may also include a heater. 
In one embodiment, the temperature (and resulting heat transfer capacity) of the 
melt heat exchanger is controlled by regulating the electrical current (the power) 
passing therethrough. The temperature of the crystal heat exchanger is suitably 
controlled by regulating the temperature and flow rate of the cooling fluid. 

[0098] The cover GC of the reflector R may also be filled, or at least 
partially filled, with insulation INS, for example to resist radiative heat transfer 
between the exposed melt surface MS (the exposed upper surface portion of the 
melt) and the crystal outer surface. Insulation INS of appropriate thermal 
conductivity may optionally be disposed between the melt heat exchanger MHE 
and the open melt-surface MS to further control (e.g., inhibit) heat transfer 
between the melt-surface and the MHE. Also, insulation INS of desired thermal 
conductivity is disposed between the crystal heat exchanger CHE and the crystal 
C. Note that in addition to, or instead of, manipulating the temperature of the melt 
heat exchanger MHE and crystal heat exchanger CHE, the thermal conductivity of 
the insulation INS can be appropriately selected to control heat transfer. The 
thermal conductivity, thickness and material of the insulation INS can be selected 
to correspond to the heat transfer desired. The melt heat exchanger MHE may 
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be constructed to have a controllable radial and/or axial power profile, and the 
crystal heat exchanger CHE may similarly be constructed to have controllable 
axial and/or radial cooling profile. As can be seen in Figure 1, the reflector R 
therein is significantly thicker than conventional reflectors. The reflector R has a 
relatively constant inner and outer diameter over most of its height, resulting in a 
reflector thickness of at least 200 mm, 300 mm, 400 mm, or in some 
embodiments, at least 500 mm. A substantial portion of the insulation is of nearly 
the same thickness as the reflector R. 

[0099] Heat loss from the exposed melt surface MS is actively controlled by 
operation of the melt heat exchanger MHE to increase the G !t f tZ (negative melt- 
side temperature gradient at the interface) without significantly increasing the 
crucible temperature T^. Actively changing the effective temperature of the 
environment above the exposed melt surface MS, i.e., the environment that the 
melt 'sees', more effectively controls the heat loss from the melt-surface than prior 
art passive shields and reflectors. There is no active control over the effective 
temperature if the melt surface is merely covered by the prior art reflecting and 
insulating material. Thus, a more active control of the heat loss from the open 
melt surface MS is achieved by the active heat source, in this embodiment 
disposed in the melt heat exchanger MHE. 

[00100] The active heat source of the melt heat exchanger MHE may be 
sized to cover or face as much of the melt surface as practical. The heat source 
has an area sized at least 30%, more preferably at least 40%, even more 
preferably at least 50%, more preferably at least 60%, and even more preferably 
at least 75% of an area of the exposed melt surface MS (the exposed upper 
surface portion). Note that the relevant area of the exposed melt surface MS 
does not include the portion occupied by the crystal C. The heat source is 
disposed opposite the melt surface and in one embodiment, the heat source 
extends generally parallel to the melt surface. Note that the heat source, or 
portions thereof may be angled relative to the melt surface within the scope of this 
invention. The heat source, in particular a lower surface of the heat source, is 
adapted to be disposed proximate the melt surface, for example, within 100 mm, 
50 mm and in some embodiments within 30mm thereof. Note that the space 
between the melt heat exchanger MHE heat source and the exposed melt surface 
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MS may vary as the melt M is consumed. The crucible CR is typically moved 
upward by suitable means during crystal growth so as to reduce such variation of 
the distance, though it is contemplated to move the reflector R or components 
therein as well. Preferably, the structural components of the crystal puller CP 
need not be removed or added to the puller to produce a desired product. 
However, each component need not necessarily be active or operating during 
crystal growth. 

[00101] Operation of the melt heat exchanger MHE tends to decrease 
the heat loss from the open melt surface MS but tends to increase the heat 
transfer to the crystal surface, thereby increasing the crystal temperature and 
decreasing the G s ,f, z (crystal side negative temperature gradient at the melt/crystal 
interface). Such an increase may cause a reduction in pull rate and thereby 
reduce productivity. Operation of the crystal heat exchanger CHE should 
compensate for the effect of the melt heat exchanger MHE and serve to increase 
G s j tZ . Depending upon the cooling capacity of the crystal heat exchanger CHE, 
the increase in G s ,f fZ can be relatively high, which can improve the productivity 
significantly. Preferably, the heat transfer path between the melt heat exchanger 
MHE and the crystal heat exchanger CHE is insulated to allow relatively 
independent tuning (control) of both the MHE and the CHE. In addition, the 
benefits of the crystal heat exchanger CHE (i.e., the cooling effect) on the crystal 
C are better exploited by minimizing heat transfer between the CHE and the melt 
heat exchanger MHE. 

[00102] The variation in crucible temperature as a function of melt-side 
temperature gradients in the novel crystal puller CP compared to a traditional 
crystal puller is shown qualitatively in Figure 5A. Figure 5B shows the side heater 
power for similar crystal pullers. Significant factors in achieving a desired 
microdefect distribution in a crystal-segment include controlling v/G s ,f,z at the 
melt/crystal interface F, the radial variation of v/G s j,z and the time-temperature or 
thermal history of the segment. 

Growth Conditions at Melt/crystal interface: Global Temperature Field Control 

[00103] Crystal growth is a dynamic process. A necessary condition to be 
met for growth of a crystal is the following energy balance: 
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@ interface 

- {a, VT S }•{«} = -{a, V7) }•{«} + {- AHp s v} ■ {«} (1 ) 

tfs,f,n Ql,f y n *7 fusion,/ \n 

where T is the temperature, a is the thermal conductivity, (-AH) is the enthalpy of 
fusion, v is the pull-rate, {n} is the unit vector normal to the interface, and q is the 
heat flux. Subscript s denotes solid (crystal), / denotes liquid, f denotes interfacial 
conditions, and n denotes normal direction, and fusion denotes fusion. Equation 
(1) states that sum of the conductive heat on the melt-side and the heat 
generated by solidification is transferred by conduction through the crystal C. 
This balance assumes that crystal C, even at high temperatures, does not act as 
a heat-pipe and that the mode of heat transfer through the crystal is conduction. 

[00104] In this section, for the sake of simplicity, one-dimensional 
analysis of equation (1) is performed. However, the one-dimensional analysis 
gives meaningful insight into the multi-dimensional problem. In one-dimensional 
sense, equation (1) can be written as, 



©interface 

-a s ^ = -a,^ + P X-Mf) (2) 

OZ OZ 

^ <x s G s j a = aiG lJt2 + p s v(- A# ) 



Rearranging equation (2), one obtains the following 

v = <*, a i G u,z (3) 

G sJtZ P S (-AH) p s {-*H)G sJ , 2 

[00105] Equation (3) states that for a given G s ,f, z , maximum pull-rate can 
be achieved when the melt-side temperature gradient at the interface, G/ f ^ Zl is 
equal to zero. For practical purposes, the melt M should be isothermal for the pull- 
rate to be maximum for a given crystal-side temperature gradient. Henceforward, 
the word, gradient, unless specified otherwise refers to the axial gradient. The 
maximum v/G SiftZ at the interface is obtained by setting Gi tftZ equal to zero: 
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v 



mx 




= 0.51 to 1.0 



(4) 



where subscript mx indicates maximum value. Thus (v/G s j tZ ) mx is generally a 
function of material properties, and for silicon, its value is between 0.5 and 1. 
Width of this range is determined by the variation in reported values for the heat 
of fusion for silicon. 

[00106] Equation (3) has infinite solutions for a given v/G s j tZ at the 
interface, which means that there are infinite variations in the crystal puller design 
that allow crystal growth at a given v/G St f tZ with varying G ft f iZ at the interface. 
Referring to Figure 6, the solutions can be plotted on a v/G s ,f, z vs. Gij tZ graph. 
Points of constant G s ,f tZ are connected to show a family of constant G StffZ lines. 
Each line represents a straight line given by equation (3) for a fixed G s j >z . The 
intercept of each line represents {v/G Sf f jZ ) mx and the slope is equal to 



increases. Pull-rates change along constant G Sl f, z lines. Movement towards 
intersection of a constant G St f tZ line and the v/G s ,f, z axis indicates increasing pull- 
rates and movement away from this intersection indicates decreasing pull-rates. It 
is obvious that changing pull-rates in this way changes v/G s j, z ratio. Therefore, 
pull-rate or the productivity of a defect-controlled crystal cannot be increased in 
this manner. 

[00107] To increase the productivity of a defect-controlled crystal (e.g., 
perfect, semi-perfect and rapid cooled silicon RCS other than D-type), it would be 
useful to keep v/G StfiZ relatively constant while increasing the pull-rate. Figure 7 
shows constant v/G s j tZ lines drawn on Figure 6. Increasing productivity (pull-rate) 
for a given v/G StftZ involves traveling across constant G s ,f lZ lines. Thus, for a given 
v/G s ,f tZi increasing pull-rate increases the melt-side temperature gradient at the 
melt/crystal interface F, G/,/> Operating at a high melt-side temperature gradient 
at the interface poses a problem in conventional crystal pullers. This problem can 
be explained using the schematic of the crystal puller containing only melt M, 
crystal C, crucible CR and the side heater SH as shown in Figure 8. At the 
melt/crystal interface F, the temperature is fixed at 7>, which for silicon is 1685 K. 
As shown in Figure 8A, as the melt-side temperature gradient at the interface 



a, 



. As the slope of the line decreases the temperature gradient 
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(Gf,f,z) increases, the melt M becomes hotter away from the interface. Melt 
temperature is typically increased by increasing the side heater power, Q sh . The 
crucible CR is made of quartz, and is sensitive to higher temperatures and has a 
maximum crucible temperature, T cr ,mx- The maximum allowable temperature for 
the crucible CR is exceeded for a given threshold melt-side gradient at the 
interface, [G/^J^. Thus, there is an upper limit placed on the maximum allowable 
melt-side temperature-gradient at the interface, based on the maximum allowable 
crucible temperature, T cr , mx . Accordingly, for a given v/G s ,f,z, pull-rate is also 
limited by the maximum allowable crucible temperature, T cr ,td- 

Effect of Heat Loss from the Open Melt 

[00108] In this invention, the novel crystal puller CP enables higher pull- 
rates for a given v/G s ,f,z ratio than a conventional crystal puller due to manipulation 
of the dynamics between some parameters. The novel crystal puller CP enables a 
much greater change in the melt-side temperature gradient at the interface 
relative to the change in the crucible temperature. In this way, very high melt-side 
temperature gradients at the interface can be achieved while maintaining the 
crucible CR below maximum allowable crucible temperature, T cr ,mx- Thus, the 
ratio of change in the melt-side temperature gradient at the interface (Gi |ffZ as well 
as the average gradient) to the change in the crucible temperature is increased in 
the new crystal puller. Figure 9 shows the relationship between the ratio and 
quality (unitless) of the crystal puller design. As the relationship between the 
crucible temperature and the melt-side temperature gradient at the interface 
becomes more efficient, the pull-rate of the crystal C, and hence, the productivity 
can be increased. 

[00109] Typically, as the crucible temperature increases, the melt M 
becomes hotter and the heat loss from the exposed melt surface MS increases. 
The heat loss may be measured by an increase in the heat flux normal to the 
open melt surface MS i.e., by the melt-side temperature gradient at the MS. The 
negative melt-side temperature gradient at the open or exposed melt surface is 
denoted by G/, ms , z . Subscript ms denotes the exposed melt surface MS. In a 
crystal-growth process, the crucible temperature is interactively set by 
manipulating the side heater power to establish a condition at the melt/crystal 
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interface F that satisfies equation (1) (or in 1 -dimensional sense, equation (2)). 
However, heat entering the crystal C from the melt M, as described by equation 
(1) is quite negligible compared to the total heat loss from the open melt surface 
MS. A quasi-steady-state heat balance indicates that as the heat loss from the 
open melt surface MS increases the heat entering the melt M from the side 
heater (through the side of the crucible) increases. In essence, the balance 
results in an increase in side heater power and the crucible temperature. Hence, 
heat loss from the melt surface MS is desirably decreased to control or limit the 
increase in the crucible temperature. In other words, to keep variation in the 
crucible temperature to a minimum, the ratio of change in the axial melt-side 
temperature gradient at the exposed melt surface MS to the change in the 
crucible temperature should be low (see Figure 9). Thus a condition for 
controlling the crucible temperature while increasing productivity (pull-rate) for a 
given v/G s ,f fZ is as follows: 



v 

= constant 



G "" (5) 



^^ >ft fl f and *2fflL< a/2 
AT AT 

1-1 cr,mx cr,mx 



where td1 and td2 are two limiting threshold values. Thus, it is evident that the 
exposed melt surface MS temperature gradient should be manipulated to control 
the coupling between the melt-side temperature gradient at the interface and the 
crucible temperature. In other words, the heat loss from the exposed melt surface 
MS should be cooperatively controlled to achieve efficient control of crucible 
temperature and its effect on the melt-side temperature gradient at the 
melt/crystal interface F. Considering that there is a direct relationship between 
the crucible temperature and the side heater power, equation (5) can be written 
as, 

v 

@ = constant 

G "'* (6) 
^± > td\, and AG, os z < tdl 

&Qsh Aft A 
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where td3 and td4 are threshold values limiting the sensitivity of interfacial melt- 
side temperature gradient and open surface melt-side temperature gradient, 
respectively, to the side heater power Q sh . In physical sense, equation (6) states 
that as the heat loss from the open melt surface MS decreases, less heater power 
is required to grow the crystal C and the increase in crucible temperature is 
correspondingly reduced. 

Growth Conditions at Melt/crystal interface: Incorporated Point defect Control 

[00110] As discussed above, the initial point defect incorporation in a 
growing crystal depends, at least in part, on (v/G s ,f fZ )• In practice, the shape of 
the interface tends to be curvilinear. Therefore, the effect of temperature 
gradients at the (curvilinear) melt/crystal interface F should be addressed to 
understand the point defect incorporation. 

Radial Variation of G s j tZ \ Qualitative Analysis 

[00111] The radial uniformity in the incorporated point defect field 
depends, at least in part, on the interface shape. For an interface of arbitrary 
shape, process tuning (e.g., control of the melt heat exchanger, crystal heat 
exchanger, among other components) is desirable to achieve desired G s>ftZ (r). To 
understand the radial variation of G s ,f, z , equation (1) is applied for an axi- 
symmetric two-dimensional model of the crystal puller. 

K {G sJ , z + G 5 f r )}■ {n} = ja, (G lJt2 + G uf , )}• {n} + {(- AH)pv} ■ {n} (7) 

}W + fe /uSi0n ,/,J-W (8) 

\@s,f,n } = } + fusions \ Z=> QsJ* = 9iJ t n + # fusion J,n (9) 

[00112] Subscript r and z indicate r and z directions. Subscript fusion 
indicates the heat-flux by solidification of melt and subscript n indicates normal 
flux. Note that when n is not used as a subscript, it denotes the unit vector normal 
to the interface. It is evident that as the radial uniformity of the flux {q s ,f >z ) 
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increases, the radial uniformity of the gradient (G s ,f,z) increases. The same 
argument holds true for the melt-side. 

[001 1 3] Since radial uniformity of the gradient (G StfiZ ) may be desirable for 
uniform point defect incorporation, the following discussion focuses on 
maintaining this uniformity. However, when the interface shape cannot be 
approximated by a parabola, the gradient (G s / fZ ) typically varies along the 
interface for radially uniform point defect incorporation. Therefore, the novel 
crystal puller CP may be controlled or tuned to vary the local temperature field at 
or near the melt/crystal interface F such that a desired predetermined gradient 
{Gsj.z (0) is achieved. 

Control of Radial Uniformity and Variation of Gradient {G s ,f fZ ) for Curvilinear 
Interfaces 

[00114] In practice it is difficult to predict the shape of the interface and 
its curvature, which varies as a function of r, a priori. In some cases, the interface 
cannot be approximated by an average. Therefore, the novel crystal puller CP is 
capable of manipulating and tuning (or controlling) the shape of the interface such 
that the optimum radial control of G Si f iZ is achieved, and to allow an efficient 
growth process. The capacity of the crystal puller to manipulate and tune the 
interface shape, e.g., for a fixed pull-rate enables a process that produces defect- 
controlled silicon, among other types of crystal. 

[00115] The shape of the melt/crystal interface F changes as a function 
of the temperature field at or near the interface (the local temperature field). Most 
of the heat entering the melt is transferred through the exposed melt surface MS 
to the environment. Thus, controlling the heat transfer through the open melt 
surface MS using, e.g., the melt heat exchanger MHE heat source, effectively 
changes the temperature field in the melt M and the crystal C (and thus the local 
temperature field). The local temperature field typically affects initial type and 
concentration of intrinsic point defects as the silicon solidifies. The local 
temperature field generally ranges from the temperature of solidification (i.e., 
about 1410°C) to a temperature greater than about 1300°C (i.e., about 1325°C, 
1350°C or more). The active melt heat exchanger MHE can also change the 
global temperature field (the field away from the interface). The temperature of 
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the melt heat exchanger MHE influences the magnitude and the direction of the 
heat flux from the melt-surface. Note that the temperature of the melt heat 
exchanger MHE can be manipulated by controlling the current passing through it 
(the power). As the melt heat exchanger MHE power (and therefore 
temperature) increase, the heat loss from the melt-surface decreases. Operating 
the melt heat exchanger MHE, even at relatively low power temperature, tends to 
enable a decrease in the side heater temperature. Generally, as the melt heat 
exchanger MHE power increases, the required side heater power decreases. 
Since the portion of the melt M away from the interface is heated mainly by the 
side heater, decreasing the side heater power (and thereby decreasing the side 
heater temperature), causes a reduction in the melt temperature, at least the 
portion of the melt away from the interface. Further, operation of the melt heat 
exchanger MHE causes the melt/crystal interface F to move downward. The 
downward movement of the interface can also be facilitated by operation of the 
crystal heat exchanger CHE. Thus, by selectively manipulating or controlling the 
melt heat exchanger MHE power and the temperature of the crystal heat 
exchanger CHE, the shape of the melt/crystal interface F can be manipulated and 
controlled. Manipulation of the interface shape helps to control the radial variation 
and uniformity of the axial heat flux into the crystal C. 

[00116] A qualitative graph of variations in the interface shape as a 
function of increasing melt heat exchanger MHE power is shown in Figure 10. As 
discussed above, the melt heat exchanger MHE and the crystal heat exchanger 
CHE may be used to maintain a relatively high gradient (G StffZ ) at the interface. In 
spite of the enhanced radial heat transfer from the crystal surface due to the 
crystal heat exchanger CHE, the melt heat exchanger MHE is desirably operated 
to maintain satisfactory control of the gradient (G s>ftr (r)). The novel crystal puller 
CP enables relatively high productivity (relatively high pull rate) and control of 
G Sf f tZ (r) at the interface. A comparison between the radial variation of gradient 
{G s>ftZ ) at the interface for the novel crystal puller CP and that a conventional 
crystal puller is shown in Figure 11. The novel crystal puller CP performs far 
better than conventional crystal pullers. 

[00117] Operation of the melt heat exchanger MHE tends to decrease 
the overall temperature of the melt M. The melt M also becomes more isothermal 
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and thereby promotes uniform axial temperature gradients on the melt-side at the 
melt/crystal interface F. The melt heat exchanger MHE, in conjunction with the 
side heater, forms a distributed heat source to improve the radial uniformity. The 
novel crystal puller CP enables control of radial uniformity and variation in v/G s ,f, z 
at the interface and limits the temperature of the crucible CR. Melt heat 
exchanger MHE power should remain relatively low to moderate. As the melt 
heat exchanger MHE power temperature increases significantly, the melt M can 
become very hot and the interface may start moving upward away from the M. 
But even if the melt M becomes very hot, manipulation of the melt heat exchanger 
MHE power can still be used to tune or control the interface shape and radial 
variation of G s ,f t r (r). 

Thermal (Time-Temperature) History 

Crystal puller for Production of Rapid Cooled Silicon (RCS) 

[00118] The growth conditions at the melt/crystal interface F for a given 
crystal C section or segment affect initial point defect incorporation in the 
segment. However, subsequent defect dynamics is a function of the thermal 
history of the crystal segment. The temperature field in the crystal C changes as 
it grows. However, for the sake of simplicity, it is reasonable to assume that at a 
location in the crystal C, fixed from the stationary melt/crystal interface, the 
temperature does not change significantly even as the crystal C grows. In other 
words, all crystal segments may be assumed to traverse through the same 
temperature field. Thus, the time-temperature path of a crystal-segment is 
obtained by knowing the history of pull-rate as a function of time and the 
temperature field. 

[00119] The novel crystal puller CP can satisfactorily manufacture, for 
example, any rapid cooled silicon RCS product. The axial temperature profile of a 
crystal C grown in the Figure 1 embodiment is given by Figure 12A, qualitatively. 
Figure 12A also compares the axial temperature profile in a crystal C in a typical 
conventional crystal puller with that in the crystal grown with active melt heat 
exchanger MHE and crystal heat exchanger CHE in the novel puller. As a result 
of efficient cooling of the crystal C, the temperature drop in the C in the novel 
crystal puller CP with active melt heat exchanger MHE and crystal heat exchanger 
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CHE occurs at much higher rates very close to the melt/crystal interface F. As 
shown in Figure 12B, the local cooling rates of crystal segments given by the 
product of pull-rate and the negative axial temperature gradient (vG s , z ) are much 
higher for the novel crystal puller CP. 

[00120] As shown in Figure 12B, the crystal cooling rates through the 
nucleation temperature of the chosen defect are higher for the novel crystal puller 
CP with active melt heat exchanger MHE and crystal heat exchanger CHE. 
Nucleation temperature is determined by the maximum in the nucleation rate 
versus temperature curve. If the cooling rates through nucleation temperature are 
very high, only insignificant nucleation typically takes place. Thus, nucleation 
temperature in Figures 12A and 12B indicates only the theoretical maximum in 
nucleation rate but not the number of nuclei formed. In a rapid cooled silicon RCS 
product, number of microdefects can be very low, although all crystal-segments 
traverse through a maximum in the nucleation rate. The gradient G s> f tZ at the 
interface for the novel crystal puller CP can be controlled more efficiently than for 
a prior art crystal puller. Therefore, practically all rapid cooled silicon RCS 
products can be produced in the novel crystal puller CP shown in Figure 1 . 

[00121] Note that the novel crystal puller CP of Figure 1 mainly 
addresses the control and manipulation of interfacial conditions. Therefore, 
additional components (e.g., heaters) are desirably added to the design, as 
described with respect to Figure 2, to manipulate and control the time- 
temperature path of a given crystal segment. 

[00122] Some crystal types are manufactured by growing the entire or 
significant part of the crystal C above the nucleation range of the relevant point 
defect species, followed by rapid cooling of the crystal in a cooling chamber. 
Also, manufacture of some crystal relies on allowing extended residence time for 
crystal-segments through the high temperature zone before nucleation rates of 
point defects reach their maximum values. Since the residence time is marked by 
significant diffusion of point defects, it is often termed the "diffusion time." The 
axial temperature drop in the crystal growing in the novel-crystal puller with only 
active melt heat exchanger MHE and crystal heat exchanger CHE is relatively 
high. In other words, crystal segments spaced or distant from the melt/crystal 
interface F may cool too quickly. Therefore, some modifications to the novel 
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crystal puller CP may be made to maintain a higher temperature or slow the 
cooling in such crystal segments. 

[00123] Referring to Figure 2, the novel crystal puller CP of the second 
embodiment generally allows growth of the crystal C above a set temperature and 
extends the diffusion time. The second embodiment contains the components of 
the previous embodiment, including the reflector R, melt heat exchanger MHE 
and the crystal heat exchanger CHE. In addition, a tubular lower crystal heater 
LH and tubular upper heater UH are included. The lower heater LH is disposed 
inside the cover GC and above the crystal heat exchanger CHE for maintaining 
the crystal temperature above the required nucleation temperature range. As 
shown, there is little or no space between the crystal heat exchanger CHE and 
the lower heater LH, though it is contemplated to space the lower heater from the 
crystal heat exchanger. The lower crystal heater LH is suitably electrically heated, 
substantially similar to the melt heat exchanger MHE, and its power is controlled 
by regulating the current passing therethrough. The lower and upper heaters (LH 
and UH) may be constructed to have a controllable axial power profile, and the 
melt heat exchanger MHE may be constructed to have a controllable radial and/or 
axial power profile, and the crystal heat exchanger CHE may similarly be 
constructed to have controllable axial and/or radial cooling profile, as noted 
above. The lower heater LH profile and temperature typically depends on the 
cooling provided by the crystal heat exchanger CHE and the targeted nucleation 
temperature range. 

[00124] Heat provided by the lower heater LH can keep the crystal 
segments that are distant from the interface warmer for an extended period of 
time, allowing the extended diffusion and interaction time for point defects and 
other impurities. The higher the axial location of the nucleation temperature from 
the melt/crystal interface, the longer the diffusion time. In addition, some crystal 
types rely on extended diffusion time for point defect diffusion and annihilation 
followed by rapid quenching through the nucleation temperature. Typically, the 
extended diffusion and rapid quenching is accomplished by growing the entire 
crystal below nucleation temperature and then transferring it to an optional 
cooling chamber (not shown) located inside the crystal puller. The distance 
between the melt/crystal interface F and the axial location of the relevant 
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nucleation temperature determines the length of the diffusion time-dependent 
crystal. 

[00125] The upper heater UH is disposed above the lower heater LH. 
The upper heater UH may be used for distributed axial heating over an extended 
length of the growing crystal, such as for extended diffusion. Note that due at 
least in part to the practical size limitations of the crystal puller CP and the 
reflector R, it may not be possible to have a very long lower heater LH to provide 
the required axially distributed heating to grow longer crystals. Accordingly, the 
upper heater UH is suitably disposed above and outside the reflector R and 
spaced significantly from the lower heater LH. Note that a cooling chamber (not 
shown) may be disposed above the upper heater UH to allow rapid quenching 
after growth, such as under conditions of extended diffusion and interaction. 
Preferably, the structural components need not be removed or added to the puller 
to produce a desired product. However, each component need not necessarily 
be operating during crystal growth. 

[00126] Referring to Figure 13, with active (operating) melt heat 
exchanger MHE, crystal heat exchanger CHE, lower heater LH and upper heater 
UH, a desirable relatively flat axial temperature profile exists in the crystal C. 
Figure 13 also compares the temperature profiles in growing crystals C in the 
novel crystal puller CP with operating melt heat exchanger MHE and crystal heat 
exchanger CHE, and a conventional crystal puller. In the novel crystal puller CP 
with active melt heat exchanger MHE, crystal heat exchanger CHE, lower heater 
LH and upper heater UH, the radial profile and the magnitude of G St f fZ at the 
interface also remain comparable to those in the first embodiment (Figure 11). 

[00127] The novel crystal puller CP with melt heat exchanger MHE, 
crystal heat exchanger CHE, lower heater LH and upper heater UH is versatile 
and can create different temperature fields in the crystal puller necessary for 
growing a variety of crystal types. The several heat sources (melt heat exchanger 
MHE, lower heater LH, upper heater UH) and the heat sink (crystal heat 
exchanger CHE) can be turned on or off depending on the desired temperature 
field. The magnitude and power profile of the heaters (melt heat exchanger MHE, 
lower heater LH, upper heater UH), and magnitude and axial profile of cooling 
capacity of the crystal heat exchanger CHE can be manipulated. For example, 
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the second embodiment crystal puller can generate temperature fields similar to 
the first embodiment by switching off lower and upper heaters (LH and UH). 
Many different crystal types can be produced using the novel crystal puller CP. 

[00128] Modes of the operation of the novel crystal puller CP are 
identified below by the active heat sources (heaters) and heat sink (crystal heat 
exchanger CHE). For example, novel crystal puller CP with active melt heat 
exchanger MHE and upper heater UH means that the CP operates with active 
MHE and UH while crystal heat exchanger CHE and lower heater LH are switched 
off. Thus, operations of the novel crystal puller CP are distinguished by 
specifying active heat sources and sinks while the crystal puller itself is generically 
referred to as the CP. 

Numerical Experiments: 

[00129] The novel crystal puller CP may be verified by performing 
various numerical experiments. The study was accomplished by comparing the 
performance of the novel crystal puller CP with a conventional crystal puller. The 
numerical experiments are accomplished, for example, by simulating the 
temperature field for the novel crystal puller CP and analyzing the results. 

The Model 

[00130] An acceptable quantitative model describing the crystal growth is 
used for numerical simulation of the growth process in the novel crystal puller CP. 
An acceptable model for crystal-growth includes momentum balance in the melt 
M and atmosphere, and an energy balance in all components of the crystal puller. 
Argon atmosphere is the typical atmosphere for crystal growth. Energy balances 
in each phase are coupled by boundary conditions defined by conduction, 
radiation and convection. System equations formed by momentum and energy 
balance can be a difficult to solve for turbulent flow involving radiative heat 
transfer. As the crucible CR size increases the buoyancy driven melt-flow 
becomes turbulent. This is true for practically all of today's crystal pullers. A 
direct numerical simulation of the system involving many solid and fluid phases 
exchanging energy by all modes of energy transfer, where a fluid exhibits 
turbulent flow can become very expensive and impractical. Therefore, an 
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acceptable model used for the numerical simulation herein involves reasonable 
assumptions. In this study we use a popular model used by Virzi. The following 
assumptions are made: 

• The system is axi-symmetric. 

• The system is quasi-stationary i.e., system is at pseudo-steady state. 

• Momentum balance is approximated by effective solid body thermal 
conductivity, if necessary. 

• Two solid bodies are in perfect contact. 

• Energy transfer from the open edges takes place by radiation and 
convection. 

• Energy balance at the solid-liquid interface is important in predicting the 
interface shape. 

• Convection is predicted reasonably well by convective heat transfer 
coefficients. 

• A constant temperature Dirichlet condition accurately represents the 
boundary of the calculation domain. 

• Heat sources and sinks are either assigned a energy generation rate 
profile or a temperature profile. 

[00131] The assumption of pseudo-steady state saves considerable 
computational time. The thermal history of a crystal segment can be obtained by 
generating the steady state temperature field in a crystal at various lengths. 
Further simplification can be made by assuming that all segments of a crystal 
pass through a temperature field fixed in rand z. This fixed temperature field can 
be computed once, for a long crystal, e.g., greater than 800 mm. Thus, the 
problem becomes simpler by fixing the temperature field independent of the 
crystal-length. However, it is not necessary to assume that the crystal 
temperature field is independent of the crystal length. Several pseudo-steady 
state temperature fields describing different crystal lengths can be simulated and 
the thermal history of a crystal segment can be computed by interpolation 
between these temperature fields. 

[00132] The equation describing the energy balance in the melt M is 
same as that for a solid body because the M is assumed to be a solid body. In 
general, an energy balance for a solid body (including melt) is given by 
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V-{aVT}-\pC p v]-{VT}+S H =0 



(10) 



where 7, as defined before, is temperature of any solid body, a is the thermal 
conductivity, p is density, C p is the heat capacity, S H is the volumetric heat 
generation rate, which is negative if heat is absorbed. The heat generation term, 
Sh, is present only for sources and sinks. The solid advection is present only 
when the solid is physically moving, and hence, is applicable only to a growing 
crystal. Thus, heat transfer by solid advection, {pC p v} {vr}, is present only in the 

energy balance of the crystal C. For the solid bodies in contact, perfect contact is 
assumed. Thus the normal flux balance between two solid surfaces describes the 
boundary between two solids in contact. 



where, {n} is the unit vector normal to the surfaces in contact. Subscripts 1 and 2 
denote two solid bodies in contact. The boundary condition for the open solid 
surfaces inside the crystal puller are given by balancing the normal conductive 
flux with radiative and convective heat fluxes. 



where h is the convective heat transfer coefficient between the solid body and the 
gaseous atmosphere at temperature T g , e\s emissivity, cr is the Stefan-Boltzmann 
constant, and T e n is the effective temperature of the environment felt by the solid 
body. Assuming gray body radiative heat transfer, effective temperature of the 
environment felt by a solid body is expressed in terms of Gebhardt factors. The 
external boundary of the crystal puller entirely covered by the external cooling 
jacket is assumed to be at a constant cooling water temperature, T CO oiant- In 
addition, other coolers are also assumed to be at coolant temperatures. 



[00133] The melt/crystal interface F is defined by an isotherm at the 
freezing temperature 



{a l VT l }{n} = {a 2 VT 2 Y{n} 



(11) 




(12) 



T = T 



coolant 



(13) 
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T sJ =T lJ =T m (14) 

where subscript s stands for crystal, / stands for melt M and m stands for melting 
or freezing conditions. At the tri-junction node where gas, melt, and solid are in 
contact with each other, the temperature is defined to be equal to the freezing 
temperature. 



T s ^=T m (15) 

where subscript slg denotes the tri-junction node. The tri-junction node defines 
the intersection of the melt/crystal interface F with the outer crystal-surface. The 
spatial location of the tri-junction node is fixed. Thus, the melt/crystal interface F, 
defined by the isotherm at the melting temperature is anchored at the tri-junction 
node. As described in equation (1), the energy balance across the melt/crystal 
interface F is given by the balance between the sum of conductive heat flux from 
the melt-side and the heat generation rate by fusion per unit area, and the total 
conductive flux into the crystal across the interface. 



@ mterface 

- {a s VT s }- W = -foVJ}}- W + {- AHp s v}- {«} (1 ) 

$s,f,n *7/,/,« Q fusion,/ ,« 



where (-AH)is the enthalpy of fusion, v is the pull-rate and q is the heat flux. 
Subscript f denotes interfacial conditions and fusion denotes fusion. Details of the 
equation (1) energy balance are described above. Condition of symmetry renders 
the problem two-dimensional. 

{vr}K} = 0 (16) 
where {n r }is the unit vector in the radial direction. 

[00134] The temperature field inside the crystal puller is predicted by 
simultaneous solution of equations (10) through (16) and equation (1). The 
interface shape is given by the isotherm at the melting point anchored at the tri- 
junction node. 
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[00135] During a crystal-pulling process, it can be assumed that 
substantially all portions of a crystal traverse through a temperature field in the 
crystal calculated over its final length at pseudo-steady state. This assumption is 
fairly accurate in studying the thermal history of a crystal-segment after its 
formation. However, initial point defect-incorporation is very sensitive to small 
changes in the gradient at the melt/crystal interface F. Therefore, v/G s ,f, z 
conditions at the interface cannot be assumed to be constant throughout the 
crystal growth process. Process tuning (thermal control) is desirable to maintain 
the desired v/G s j tZ conditions at the interface. Therefore, several simulations for 
the temperature field at various crystal lengths should be performed for accurate 
mapping of the temperature field in the growing crystal. However, in a broader 
sense, a basic understanding of the process can be obtained by simulating the 
temperature field in the crystal puller for the final length of the crystal C. At best, 
it can be assumed that a crystal-segment traverses through this fixed temperature 
field only during the pulling process. After a crystal C is completely grown, each 
crystal segment is generally subjected to a unique thermal history. Thus, the 
thermal history of a segment in the crystal is calculated by its time-location history 
during the crystal-pulling defined by growth of subsequent segments, and its final 
cooling after this growing process. Thus, there is a difference between the 
cooling conditions for a crystal segment during crystal growth, as compared to 
after crystal growth. During crystal growth, the cooling rate of any segment is 
given by the product of pull-rate and the local axial temperature gradient (vG s , z ). 
After crystal growth, the cooling rate of the segment is best calculated by energy 
balance calculations. 

[00136] Finally, all numerical experiments are accomplished using a pull- 
rate equal to 0.5 mm/min, unless mentioned otherwise. Although, G Sl f,z changes 
with the pull-rate to some extent, it is reasonable to assume that G s ,f lZ calculated 
at pull-rate equal to 0.5 mm/min, can be used to represent G Stfz values at pull- 
rates between 0.2 mm/min and 0.8 mm/min. Figure 14 indicates that the change 
in G Sl f tZ of the crystal due to a small change in pull-rates is negligible. The 
assumption is reasonable as some change in the rate of solidification with change 
in pull-rate is compensated by an opposite change in the rate of heat conduction 
from the melt. 
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Performance of the Novel Crystal puller 

[00137] The relationships between different variables in the crystal- 
pulling process such as crucible temperature, crystal-side and melt-side 
temperature gradients at the interface, melt-side temperature gradients at the 
melt surface, heater powers etc. are discussed above. In this section, results of 
various numerical experiments are presented to validate the arguments made so 
far. 

Conventional Crystal puller 

[00138] The typical design of the conventional crystal puller and its 
temperature field are shown in Figure 15. (The temperature field in the crystal 
pullers is simulated using a commercially available finite-element based Software 
(MARC).) The conventional crystal puller in this study is the one that defines the 
upper limit in productivity of defect-controlled crystal. The conventional crystal 
puller is well-insulated. The passive reflector (no active heating or cooling) shields 
the crystal from the radiative heat exchange with the melt-surface, and the upper 
heater (upper heat exchanger) or UH keeps the crystal warmer such that the axial 
location of the relevant nucleation temperature, (in this case, nucleation 
temperature for self-interstitials, 1173 K) is around 900 mm above the melt/crystal 
interface F. The axial temperature profile in a relatively long crystal grown using 
the conventional crystal puller is shown in Figure 16A. The corresponding radial 
variation of the negative axial crystal-side temperature gradients at the interface 
(Gs,f,z) is shown in Figure 16B. 

Configurations of the Novel Crystal puller 
Configurations Without Melt-Flux Control: 

[00139] Performance of the heavily insulated novel crystal puller in which 
melt heat exchanger MHE, crystal heat exchanger CHE and lower heater LH are 
inactive (not operating) is compared against the conventional crystal puller. In 
both cases, upper heater UH supplies heat (power is fixed at about 20 kw) to the 
growing crystal to keep it above the interstitial nucleation temperature range. 
Figure 17 shows the temperature field in the heavily insulated novel crystal puller 
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CP. Figure 18A shows that the heavily insulated novel crystal puller CP keeps a 
900 mm long crystal above the nucleation temperature of self-interstitials. It can 
be seen that the radial variation in G s ,f fZ for the heavily insulated novel crystal 
puller CP is greatly minimized (Figure 18B). However, the absolute value of G s ,f >z 
is very low as a result of increased conduction path. In the novel crystal puller 
CP, the ratio of rate of heat generation by solidification to the rate of axial heat 
transfer from the melt M is relatively high. This ratio can be represented by v/G !f f tZ 
(or v/G s ,f,z) at various radial locations. Figure 18C shows radial variation of this 
ratio for the insulated crystal puller and conventional crystal puller. Figure 18C 
should not be used for direct comparison between conventional and the heavily 
insulated novel crystal puller CP. 

[00140] The upper heater UH helps to maintain the crystal C above the 
targeted nucleation temperature. Therefore, the upper heater UH is active 
(operates) for all simulations herein unless otherwise specified. 

[00141] The effect of the crystal heat exchanger CHE is studied when the 
melt heat exchanger MHE and the lower heat exchanger LH are not active. 
Figure 19 shows the temperature field in the crystal C grown in the novel crystal 
puller CP with active crystal heat exchanger CHE and upper heater UH. Figures 
20A and 20B display axial temperature profile and radial variation of G Sff>Zl 
respectively. The crystal C is rapidly cooled in the presence of an active crystal 
heat exchanger CHE so that in-situ cooling rates around the nucleation 
temperature can be very high. Pull-rates around 1.1 mm/min, for a target v/G s ,f, z 
(at the interface) equal to 0.134 K.rnm 2 /s can be achieved. However, the radial 
variation in G StffZ at the interface is quite significant and a length of the crystal C 
below nucleation temperature may be reduced to less than 150 mm. The ratio 
v/Gjj tZ is very low for this configuration (Figure 20C). The variation in G s j >z can 
result in significant variation in the incorporated point defect concentration. The 
pre-nucleation diffusion-time allowed for a particular crystal-segment to reduce 
the point defect concentration is also very low as a result of the steep axial 
temperature profile. The variation may require very high in-situ cooling rates 
around the nucleation temperature to quench or control the microdefect 
formation. In many cases, such in-situ cooling rates are not achieved. Therefore, 
a practical solution for making a defect sensitive crystal for such radial variation in 
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v/Gs,f,z may involve increasing the pre-nucleation diffusion and annihilation time 
for point defects by activating the lower heater LH. 

[00142] The temperature field in the novel crystal puller CP with active 
crystal heat exchanger CHE and lower heater LH is shown in Figure 21. Figure 
22A shows the effect of lower heater LH on the axial temperature profile. The 
length of the crystal C above the interstitial-nucleation temperature is again 
around 900 mm. Steep axial temperature gradients (Figure 22B) may allow 
relatively high pull-rates, e.g., around 1 mm/min, at critical v/G s>ftZ . However, this 
active crystal heat exchanger CHE and lower heater LH configuration may still 
suffer from radial variation in v/G SiftZ . As can be seen from Figure 22C, the 
contribution of heat of fusion to G St f tZ is quite low compared to the contribution of 
melt-side conduction, which will be addressed below. 

[00143] In the crystal puller configurations discussed above, there is no 
active control of the heat-loss (or melt flux) from the open melt surface MS. 
Therefore, the heat-loss from the melt M is very high, which may render the side 
heater power and crucible temperatures too high for most practical crystal pulling 
operations. Figures 23A-B show the maximum crucible temperatures T cr ,mx and 
the side heater power Q S h for various configurations. As shown, side heater 
power ranges from about 80 KJ/s to about 160 KJ/s, though the power may range 
to as low as 40, or even as low as 0 KJ/s, within the scope of the invention. As 
can be seen in Figures 24A-B, increasing side heater power Q S h causes the heat 
loss from the open melt surface MS (measured in terms of G /fOS , z ) to increase, as 
discussed above. Therefore, exposed melt surface flux control is desirable for a 
practical operation. Also, for the configurations discussed so far, with the 
exception of the heavily insulated novel crystal puller CP, radial variation of G s j lZ 
is relatively high (Figure 25). The exposed melt surface flux control is achieved 
by varying the effective temperature of the environment 'seen' by the melt 
surface. In the novel crystal puller CP, flux control is accomplished by controlling 
the melt heat exchanger MHE temperature and thereby the heat flux. 

MHE Control 

[00144] Increasing the temperature of the exposed melt surface MS 
environment (the environment 'seen' by the melt surface) can decrease the heat- 
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loss from the open melt surface MS. The environmental temperature may be 
increased by increasing the melt heat exchanger MHE temperature. Figure 26 
shows the temperature field in the novel crystal puller CP with active melt heat 
exchanger MHE, crystal heat exchanger CHE (fixed at about 300°K), lower heater 
LH (fixed at about 17.6 kW) and upper heater UH (fixed at about 20 kW (UH is 
fixed at 20 kW for all simulations unless otherwise noted)) for a fixed MHE 
temperature of about 2100°K. The effect of varying melt heat exchanger MHE 
temperature on G/, 0 s,z is shown in Figure 27. It can be seen that the heat-loss 
from the melt-surface is effectively suppressed by controlling the melt heat 
exchanger MHE temperature. As a result, the side heater power and the crucible 
CR temperatures decrease (Figures 28 and 29, respectively). Suppressing the 
heat-loss from the melt surface MS tends to shift crucible temperatures from the 
substantially inoperable regime to the substantially operable regime. The crucible 
temperature at the side facing the heater monotonically decreases with the side 
heater power. Since the location and the magnitude of the maximum crucible 
temperature on the melt-side is influenced both by melt heat exchanger MHE 
temperature and the side heater power, there tends to be no monotonic decrease 
in the melt-side temperature with increasing MHE temperature. Increasing melt 
heat exchanger MHE temperature and cooperatively decreasing side heater 
power have opposite effects on the melt-side crucible temperature. In most 
cases, melt heat exchanger MHE temperature does not dominate enough to 
increase the melt-side crucible temperature levels to the inoperable regime. The 
melt-side crucible temperatures tend to be mainly affected by the combination of 
the melt heat exchanger MHE temperature and side heater power, and hence, do 
not vary much. However, the melt-side temperatures are desirably lower than the 
maximum allowable temperature, and thus, do not pose any problems for crystal 
C growth. As shown in Figure 30, increasing the melt heat exchanger MHE 
temperature enables reduction, e.g., simultaneous reduction, of the side heater 
power (Qsh). In this invention, melt heat exchanger MHE temperature is also 
increased so as to decrease the crucible CR temperature during crystal C growth. 
Care should be taken not to increase the melt heat exchanger MHE temperature 
beyond the maximum allowable temperature at which melt-side crucible 
temperatures become too high for most practical operations. 
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[00145] Figures 31A-D show the change in the interface shape with 
increasing melt heat exchanger MHE temperature, the lower heater LH power 
being fixed at about 17.6 kW, the crystal heat exchanger CHE temperature fixed 
at about 300°K and the upper heater UH power fixed at 20 kW. As the melt heat 
exchanger MHE temperature increases, the side heater power required to 
maintain the melt M at temperature decreases. Simultaneously, the melt crystal 
interface moves downward to cause an increase in the radial heat flux in the 
crystal C closer to the surface, but without significantly increasing the axial flux. 
In addition, except near the crystal-edge, the radial uniformity of the melt-side 
axial heat-flux improves with increasing melt heat exchanger MHE temperature. 
Thus the radial uniformity or the variation of G SiftZ is controlled by controlling the 
interface shape. As the melt M becomes colder below the interface with 
increasing melt heat exchanger MHE power and decreasing side heater power, 
the axial heat-flux from the melt M into the crystal C decreases. Figure 32 shows 
decreasing contribution of the axial heat-flux v/Gi tffZ from the melt-side with 
increasing melt heat exchanger MHE temperature. As noted above, the radial 
uniformity of the melt-side axial heat-flux improves with increasing melt heat 
exchanger MHE temperature, which increases the ratio of the heat flux by fusion 
to the melt-side axial heat flux and contributes to the improvement in the radial 
uniformity of G s ,/> Figure 33A compares the effect of changing melt heat 
exchanger MHE temperatures on G StftZ . Note that there is some heat leak from 
melt heat exchanger MHE to the crystal C. However, the net effect is that the 
radial uniformity and magnitude of G s> f >z (r) in the crystal C increase (Figure 33B). 
Increasing melt heat exchanger MHE temperature compensates for the radial 
non-uniformity which tends to be introduced by the crystal heat exchanger CHE. 
When melt heat exchanger MHE temperature is at least about 1950°K, the radial 
uniformity of G s ,f tZ for the novel crystal puller CP with active (operating) melt heat 
exchanger MHE, crystal heat exchanger CHE, lower heater LH and upper heater 
UH is better than it is for the conventional puller. Use of this novel crystal puller 
CP also allows higher G and therefore allows higher pull-rates at the same or 
similar v/G St f iZt . The axial temperature profiles in a crystal C as a function of 
changing melt heat exchanger MHE temperatures are shown in Figure 33C. One 
of the objectives of designing the novel crystal puller CP (active melt heat 
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exchanger MHE, crystal heat exchanger CHE, lower heater LH and upper heater 
UH) is to control the thermal history of crystal segments irrespective of the MHE 
effect. As can be observed from Figure 33C, the melt heat exchanger MHE 
temperature tends to have a minor effect on the thermal history. 

[00146] Manipulating the melt heat exchanger MHE power, rather than 
MHE temperature, can also change the effective temperature of the environment 
of the melt-surface. In fact, in practice it is much easier to control power than the 
temperature. Therefore, in the following sections some of the examples based on 
varying the effective melt heat exchanger MHE power are discussed. 

EXAMPLE: Perfect and Semi-Perfect Silicon 

[00147] Use of the novel crystal puller CP with active melt heat 
exchanger MHE, crystal heat exchanger CHE, lower heater LH and upper heater 
UH enables maintenance of v/G s ,f,z(r) closer to its critical value while providing 
sufficient diffusion and annihilation time for point defects before significant 
nucleation (broadly, formation and growth) of the relevant species takes place. 
The novel crystal puller CP also can achieve higher productivity than what is 
achievable in the conventional crystal puller. The melt-flux control may be 
achieved by manipulation or control of the melt heat exchanger MHE 
power/temperature. Also, the magnitude of G s ,f tZ at the interface may be 
controlled by manipulation and control of the crystal heat exchanger CHE. The 
prolonged diffusion and annihilation time above interstitial nucleation temperature 
range may be provided by manipulation and control of the lower heater LH and 
the upper heater UH. 

Fixed MHE POWER 

[00148] In the following numerical experiments lower heater LH power is 
fixed at about 2.8 kW, upper heater UH power is fixed at about 20 kW and crystal 
heat exchanger CHE temperature is fixed at about 1 173 K. The temperature field 
in the novel crystal puller CP (with operating melt heat exchanger MHE, crystal 
heat exchanger CHE, lower heater LH and upper heater UH) with MHE power of 
approximately 27 kW is shown in Figure 34. As expected, G/, 0 s,z decreases with 
increasing melt heat exchanger MHE power (Figure 35). As a result, the side 
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heater power and the heater side maximum crucible temperature decrease, 
allowing the operation to occur below the threshold crucible temperature (Figures 
36 and 37, respectively). Since the location and magnitude of the maximum 
crucible temperature on the melt-side is influenced both by the power through the 
melt heat exchanger MHE and the side heater, there tends to be no monotonic 
decrease in the melt-side temperature with increasing MHE power. Increasing 
melt heat exchanger MHE power and decreasing side heater power (with 
increasing MHE power), have opposite effects on the melt-side crucible 
temperature. Melt heat exchanger MHE power should not be increased to a level 
detrimental to crystal C growth. The interface shapes for different melt heat 
exchanger MHE powers are shown in Figure 38A-D. As the melt heat exchanger 
MHE power increases, the side heater power decreases and the interface moves 
downward towards the melt M. The increasing curvature of the interface 
decreases the dramatic increase in G s ,f lZ closer to the crystal C surface. The net 
effect is an improvement in the radial uniformity of G s ,f, z > The corresponding 
decrease in the axial heat-flux from melt-side is shown in terms of v/G lf f iZ in Figure 
39. The radial variations of G s>ftZ for changing melt heat exchanger MHE power 
are shown in Figure 40A. At the interface, very high G St f }Z values are achieved. 
Radial uniformity of G SfffZ allows pull-rates around 0.6 mm/min at critical v/G s ,f lZ 
(Figure 40B). The melt heat exchanger MHE effect on the time-temperature 
history of a crystal-segment is negligible as shown in Figure 40C. 

MHE Temperature 

[00149] The crystal C, including perfect silicon crystal products, can be 
efficiently manufactured by controlling the melt heat exchanger MHE temperature. 
The relationships between various parameters are similar to those exhibited in the 
crystal puller with the melt heat exchanger MHE power control. Therefore, in this 
section results obtained at various fixed melt heat exchanger MHE temperatures 
are discussed only in relation to certain parameters, such as G StfiZ and T cr , mx . 

[00150] Several numerical experiments at various melt heat exchanger 
MHE temperatures in the novel crystal puller CP with active MHE, crystal heat 
exchanger CHE, lower heater LH and upper heater UH were accomplished. 
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Lower heater LH power was fixed at 2.28 kW and crystal heat exchanger CHE 
temperature was fixed at 900 K. UH (upper heater) was operating at 20 kW. 

[00151] The effect of the melt heat exchanger MHE temperature on the 
maximum crucible CR temperature both on the heater side and the melt-side is 
shown in Figure 41. As expected, the crucible temperatures decrease with 
increasing melt heat exchanger MHE temperature. In this case, cumulative 
effects of the melt heat exchanger MHE temperature and side heater power result 
in a net decrease in the melt-side crucible temperature. Crystal growth can be 
accomplished at melt heat exchanger MHE temperatures above 1700 K. The 
radial variation in G s ,f, z as a function of melt heat exchanger MHE temperature is 
shown in Figure 42A. Radial uniformity of G StftZ in this crystal puller CP, at melt 
heat exchanger MHE temperatures above 1700 K, is better than that for the 
conventional crystal puller, as shown in Figure 42B. Pull-rates closer to 0.68 
mm/min can be achieved at critical v/G s ,f tZ - The time-temperature path of crystal 
segments allows extended diffusion time above the interstitial nucleation 
temperature range (Figure 42C). Long crystal C, such as at least, 900 mm long 
crystal (including crown and taper) can be grown in this manner. 

Complete Insulation 

[00152] As shown in the previous section, the radial uniformity v/G s ,f tZ in 
the heavily insulated novel crystal puller CP is better than all cases studied above. 
For a flat and parabolic interface shape, radial uniformity improves uniformity of 
the incorporated point defect field and decreases the required diffusion time. 
However, the cost of improving radial uniformity in G s j,z tends to be paid by 
decreasing its magnitude (Figures 17 and 18A-C), and thus decreasing pull-rate 
and productivity. 

Effect of Pull-rate 

[00153] The numerical experiments above have been accomplished at 
the pull-rate equal to 0.5 mm/min. As the pull-rate increases, G s ,f |Z increases and 
Gi t f tZ decreases to allow heat transfer required by the increased rate of heat 
generation at the interface F. The higher pull-rate is achieved at least in part, by 
decreasing the side heater power. The reduction in the side heater power 
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decreases the melt M temperature and temperature variations in melt decrease. 
The following results are obtained at melt heat exchanger MHE temperature 
equal to 1900 K, crystal heat exchanger CHE temperature equal to 900 K, lower 
heater LH power equal to 2.28 kW, and upper heater UH power equal to 20 kW. 

[00154] The radial variation of negative melt-side gradients at the melt 
surface MS, G/, os , 2 as a function of pull-rate is shown in Figure 43. Except in the 
area very close to the crystal surface, the melt heat exchanger MHE transfers 
heat into the melt M, which decreases the side heater power (Figure 44) and the 
crucible CR temperature (Figure 45). Both heater side and melt-side maximum 
crucible CR temperatures decrease as the side heater power decreases, while 
the melt heat exchanger MHE temperature remains the same. As the side heater 
power decreases, the melt M temperature decreases. Therefore, the gradient 
below the melt/crystal interface F decreases as shown in Figure 46. The relative 
contribution of the heat flux associated with fusion increases with increasing pull- 
rate (Figure 47). This change improves the radial uniformity of G 3 ,f lZ (r). The 
decreasing heater power cools the crystal C and increases G s j tZ as shown in 
Figures 48 and 49. The non-linear relationship between v/G s ,f fZ and v is shown in 
Figure 50. The nonlinearity arises as a result of the change in G SfftZ with a change 
in v. The axial profile followed by a crystal-segment does not change significantly 
with the pull-rate (Figure 51). Therefore, it is reasonable to assume that in-situ 
cooling rates change linearly with the pull-rate. The change in the interface shape 
with the pull-rate is shown in Figures 52A-D. 

EXAMPLE: Rapid Cooled Silicon (RCS) 

[00155] Rapid cooled silicon RCS relies on high in-situ cooling rates of 
crystal segments through the relevant nucleation temperatures while the crystal C 
is being grown. Rapid cooling through point defects nucleation temperatures, 
which typically vary between 1473 K to 1173 K, typically results in high remnant 
point defects concentration at lower temperatures. The rapid cooling enables 
interaction of the point defects with other impurities such as oxygen, below 1323 
K. Preferably, a crystal-segment is rapidly cooled through a wide range of 
temperature from 1523 K to 973 K. The local cooling rates given by vG StZ are 
sufficient to control nucleation and growth of microdefects and other precipitates. 



43 



MEMC 02-0201 (3035.1) 
PATENT 



After growth of a complete crystal C, some portion of the C remains above the 
nucleation temperature range. Continued pulling of the crystal C maintains the 
required cooling rates of the crystal segments. However, higher pull-rates can be 
applied. The method of making all-types of rapid cooled silicon RCS is essentially 
the same. A primary feature of making rapid cooled silicon RCS is to maintain 
required v/G s>fttZ conditions at the melt/crystal interface F and achieve required 
cooling-rates. 

[00156] An advantageous feature of an rapid cooled silicon RCS process 
performed in the novel crystal puller CP is very high pull-rates and higher local 
cooling rates in most of the crystal C, preferably achieved by operation of at least 
the crystal heat exchanger CHE. The lower heater LH and upper heater UH do 
not necessarily operate in this rapid cooled silicon RCS process. The melt heat 
exchanger MHE is operated to maintain the maximum crucible temperature below 
the maximum allowable temperature. Thus, in this embodiment, the novel crystal 
puller CP operates only with active melt heat exchanger MHE and crystal heat 
exchanger CHE. To maximize the cooling rates, crystal heat exchanger CHE is 
maintained at 300 K. To control the crucible temperatures at such high cooling 
rates, melt heat exchanger MHE is maintained at a relatively higher power (40.5 
kW). 

[00157] Considering the wide range of rapid cooled silicon RCS 
products, a wide-range of pull-rates can be applied. Very high pull-rates are 
applied to make D-type rapid cooled silicon RCS, while moderately high pull-rates 
are applied to make perfect RCS. Simulated temperature fields in the novel 
crystal puller CP (with active (operating) melt heat exchanger MHE and crystal 
heat exchanger CHE) for making an rapid cooled silicon RCS-type product at a 
moderate pull-rate (0.5 mm/min) and at a higher pull-rate (2.5 mm/min) are shown 
in Figures 53A and 53B, respectively. The melt heat exchanger MHE transfers a 
significant amount of heat into the melt M for all pull-rates between 0.5 mm/min 
and 2.5 mm/min (Figure 54) and thereby decreases the side heater power 
required. In addition, an increase in the pull-rate increases G s ,f„z and decreases 
G/,f„z, and thereby decreases the side heater power even further (Figure 55). 
Thus, the crucible temperature tends to decrease with increasing pull-rate (Figure 
56). Figure 56 also shows that the crucible temperatures are in the operable 



44 



MEMC 02-0201 (3035.1) 
PATENT 



regime for all pull-rates. The radial uniformity of G s ,f„ z increases with increasing 
pull-rate (Figures 57 and 58) as a result of increasing effect of fusion (Figure 59). 
The change in the interface shape with increasing pull-rate is shown in Figures 
60A-C. It is noted that the change in the interface shape and position with 
changing pull-rate is influenced by the decreasing melt temperature and the 
decreasing crystal temperature around the interface. The cooling rates in the 
crystal C are very high as can be seen in Figure 61. Typical cooling rates at 1473 
K vary between 22.5 K/min and 4.5 K/min, for pull-rates between 2.5 mm/min and 
0.5 mm/min. Similar cooling rates are achieved through interstitial and oxygen 
precipitation ranges. The ratio v/G s ,f„ z changes non-linearly with the pull rate as 
shown in Figure 62. The results indicate that a perfect silicon crystal may be 
grown in this manner at relatively high pull-rates while other silicon products can 
be grown at substantially higher rates. For examples, the high in-situ cooling 
rates of rapid cooled silicon RCS allow sufficient control over nucleation and 
particle growth so that varying pull-rates and cooling rates can produce a variety 
of products, from D-type RCS to Perfect RCS. 

[00158] Upon initial incorporation of point defects, a crystal segment 
goes through a cooling period, during which sufficient super saturation of relevant 
point defect builds up to initiate significant nucleation and growth of precipitates. 
The nucleation rate is a function of super saturation and the cooling rates. The 
nucleation temperature is defined by the maximum nucleation rate. If the time- 
scale of cooling is much smaller than the time-scale of nucleation, significant 
nucleation is effectively avoided, or, nucleation is quenched. The point defect 
concentration in a crystal-segment before nucleation depends on initial 
incorporation and its residence time above its nucleation temperature, defined as 
the diffusion time. During this diffusion time, vacancies and interstitials inter- 
diffuse and annihilate, and diffuse out to the surface. Thus, the nucleation 
temperature itself can be shifted depending on these conditions. Vacancies 
agglomerate between 1473 K and 1323 K while interstitials agglomerate between 
1223 K and 1 173 K. Vacancy nucleation temperature can be pushed to very low 
values where alternate nucleation of impurities such as oxygen can take place 
facilitated by vacancies. Thus, the precipitate formation can happen over a wide 
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range of temperature. Changing the cooling rates before and through the 
relevant nucleation temperatures can influence the microdefect and precipitate 
size and density. Rapid cooling can be used to control or suppress agglomerated 
defect formation (See International Application No. PCT/US00/25525). 
Accordingly, in addition to controlling v/G StftZ conditions at the melt/crystal interface 
F, controlling the time-temperature history of a crystal segment becomes 
significant. The temperature field in the crystal C changes as it grows. However, 
for the sake of simplicity, it is reasonable to assume that at a location in the 
crystal C, fixed from the stationary melt/crystal interface F, the temperature does 
not change significantly even as the C grows. In other words, all crystal-segments 
traverse through the same temperature field of a sufficiently long crystal. Thus, 
the time-temperature path or thermal history of a crystal-segment is obtained by 
simply knowing the history of pull-rate as a function of time and the temperature 
field in a sufficiently long crystal. These desired characteristics present problems 
that are addressed by this invention. 

[00159] For efficient control of the incorporated point defect field, the 
radial profile of the gradient (G s ,f,z) should be tuned (or controlled). Such control 
is accomplished in this invention by tuning the local temperature field at or 
adjacent the interface, which may be controlled by operation of the melt heat 
exchanger MHE, the crystal heat exchanger CHE, the lower heater LH and/or the 
upper heater UH. 

[00160] The novel crystal puller CP is adapted to control the crucible 
temperature, interface shape, local temperature field at the interface, temperature 
gradients at the interface and the cooling or thermal history of each crystal- 
segment after its growth. As described above, a high fraction of heat entering the 
crucible CR and the melt M is transferred from the melt surface MS to its 
environment. Minimizing this heat transfer from the surface decreases the power 
requirement of the side heater. Allowing heat to be transferred into the melt M 
through" the melt surface MS by operation of the melt heat exchanger MHE further 
decreases the side heater power. As the side heater power decreases, the 
crucible CR temperature also decreases. By varying the rate of heat transferred 
into the melt M from its open surface MS, the temperature field can be controlled. 
Typically, melt heat exchanger MHE temperature and power is controlled by 
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controlling the electric current passing through the MHE. In one embodiment, the 
melt heat exchanger MHE is placed facing the melt surface in a well-insulated 
heat-shield or reflector R that covers most of the open melt-surface MS. As 
described above, the reflector R is suitably an annular or tubular ring with an 
inside surface facing the crystal C, an outside surface facing the outer regions of 
the crystal puller CP, and the bottom surface facing the melt M. To prevent heat 
leakage from the melt heat exchanger MHE to the crystal C surface, the reflector 
R is desirably filled or at least partially filled with insulation INS. The crystal puller 
CP design of Figures 1 and 2 decrease the temperature gradients inside the 
crystal C by decreasing the radial heat transfer. Although radial uniformity at the 
interface is thereby achieved, the productivity may suffer as a result of decreasing 
gradients. The crystal heat exchanger CHE, which is positioned to face the 
crystal C, allows for higher pull-rates. The arrangement considerably increases 
the temperature gradients in the crystal C by increasing the radial heat transfer 
between the C and crystal heat exchanger CHE. However, the radial variation of 
the temperature gradients increases and as a result of steep axial drop in the 
temperature, the diffusion time before agglomeration for some crystals decreases. 

[00161] State of the art microdefect-free crystals may be produced by 
growing the entire crystal under slightly l-rich conditions in the periphery and 
slightly V-rich conditions at the center, while keeping all segments of the crystal 
above a target temperature and then quenching the whole crystal by moving it to 
a cooling chamber. The segments grown in the beginning of the growth process 
are allowed more diffusion time for mutual annihilation compared to the segments 
grown later. A considerable portion of the crystal (and preferably the entire 
crystal) is maintained above the target temperature. However, the presence of 
the crystal heat exchanger CHE decreases the crystal C temperature 
dramatically. Under such conditions, only a small portion of the crystal C stays 
above this temperature. To enable a process requiring growth of an entire crystal 
C above the target temperature, the lower heater LH is desirably disposed above 
the crystal heat exchanger CHE in the reflector R. To extend the length of the 
crystal C that can be grown using the novel crystal puller CP, the upper heater UH 
is disposed above the lower heater LH and the reflector R. The described 
arrangement allows considerable length of crystal C to be grown above the target 
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temperature at a relatively high rate while maintaining the crucible CR 
temperature below the maximum allowable value. 

[00162] For a given pull-rate, as the melt heat exchanger MHE 
temperature or power increases, the side heater power decreases, thereby 
decreasing the melt M temperature away from the melt/crystal interface F. Thus, 
the melt/crystal interface F moves down into the melt M. Although such 
movement decreases the gradient (G s ,f iZ ) operation of the crystal heat exchanger 
CHE can maintain the gradient high. Thus, melt heat exchanger MHE power can 
be used to manipulate, control or tune the local temperature field attached around 
the interface, and control (tune) the global temperature field (distant from the 
interface) as well. The capacity to control the temperature fields is desirable in 
making a defect-controlled silicon crystal. 

[00163] As the pull-rate increases, the rate of heat generation at the 
interface due to solidification increases. Since this heat is balanced by the 
difference between rate of heat conduction on the crystal-side and the rate of 
heat conduction on the melt-side, the melt-side heat conduction rate decreases 
and the crystal-side heat conduction rate increases. Thus, the side heater power 
may be reduced along with the crucible temperature. The heat transfer between 
the crystal-surface and colder environment creates very high axial and radial 
temperature gradients at the periphery of the crystal C. Typically, as the 
contribution of solidification increases, the gradient (G SfffZ ) at the center of the 
crystal increases more than G SiffZ at the periphery. Considering that G s ,f, z at the 
center is lower than that at the periphery of the crystal C, the radial uniformity of 
G s ,f, z tends to increase with increasing pull-rate. 

[00164] The novel crystal puller CP with active melt heat exchanger 
MHE, crystal heat exchanger CHE, lower heater LH and upper heater UH can 
produce perfect silicon at relatively high pull rates. The semi-perfect silicon 
defined by a central vacancy core and peripheral perfect region can be produced 
at even higher rates. 

[00165] In conventional crystal pullers, the in-situ cooling rates of the 
crystal segments given by the product of pull rate and the axial temperature 
gradient are not high. These relatively low cooling rates cause typical defect- 
controlled crystals to be grown entirely above a target nucleation temperature and 
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then cooled by quickly moving them into a separate cooling chamber. However, 
in the novel crystal puller CP, the in-situ local cooling rates of crystal segments, 
are very high when lower heater LH and upper heater UH are inactive. The 
cooling rates through 1473 K and 1 173 K can be as high as 5-20 K/min. In many 
cases, these cooling rates are sufficient to either partially or completely quench 
the nucleation reactions. Thus, another class of defect-controlled products known 
as rapid cooled silicon RCS can be produced in the novel crystal puller CP with 
active melt heat exchanger MHE and crystal heat exchanger CHE, and typically 
with inactive lower heater LH and upper heater UH. 

[00166] The novel crystal puller CP is capable of satisfactorily controlling 
growth conditions and the thermal history of each crystal segment. Flexible 
control over growth and post growth conditions allows production of variety of 
crystals at high production rates. 

[00167] When introducing elements of the present invention or the 
preferred embodiment(s) thereof, the articles "a", "an", "the" and "said" are 
intended to mean that there are one or more of the elements. The terms 
"comprising", "including" and "having" are intended to be inclusive and mean that 
there may be additional elements other than the listed elements. 

[00168] As various changes could be made in the above constructions 
without departing from the scope of the invention, it is intended that all matter 
contained in the above description or shown in the accompanying drawings shall 
be interpreted as illustrative and not in a limiting sense. 
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